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Abstract. Murray's law predicts that there will be a ra-

dius-cubed relationship between the parent and daughter

vessels of a branching system of vessels that carry the flow

of a fluid, a relationship that theoretically minimizes the

costs of building, maintaining, and operating the system.

The vascular system of the blue crab, Callinectes sapidus.

was replicated by corrosion casting at physiological pres-

sures; vessel diameters were measured oft" the casts and

used to calculate a junction exponent for each branch

point. This study is the first quantitative description of

the vascular branching geometry in an open circulatory

system. The mean value derived from the arctan-trans-

formed junction exponent distribution, 3.020, was not

significantly different from the value of 3 predicted by

Murray's law. The phylogenetic distance of arthropods

from the animals previously studied in this context,

sponges and mammals, is evidence for three independent

evolutions of this branching relationship in biological fluid

transport systems.

Introduction

Organisms and their component cells depend on ex-

change with their surroundings for nutrient procurement,

excretion, respiration, and temperature regulation. Ani-

mals commonly meet the demands of exchange with a

system of branching pipes, within which there is convec-
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live flow of a fluid. Two major types of fluid transport

systems are seen in animals (LaBarbera, 1990). In one,

used by many suspension feeders, fluid is pumped from

an external source past the animal's filtering structures.

The second, an internal transport system, is familiar as

the circulatory system of most "higher" animals. Circu-

latory systems can be further divided (LaBarbera and Vo-

gel. 1 982) into those in which the circulating fluid is com-

pletely contained in a network of vessels (closed circula-

tory systems) and those in which the circulating fluid

leaves well-defined vessels and flows through sinuses to

bathe the tissues (open circulatory systems). For a fluid

transport system to function effectively, there must be

continuous flow of the fluid, which results in large volumes

of fluid being pumped at substantial cost to the animals

(LaBarbera. 1994).

Is there a design principle for transport of a fluid that

both minimizes the cost of volumetric flow and is general

enough to apply across the diversity of fluid transport

systems observed in biology? This question was first

treated over a century ago by Thomas Young in his 1 808

Croonian lecture (Sherman, 1981). Since then, several

physiologists have addressed the question of an ideal

branching pattern, but the "clearest and most general ap-

proach" (Sherman, 1981) is that of Murray (1926).

The derivation of "Murray's law" [see Sherman (1981)

and LaBarbera (1993) for details] assumes that there is

laminar flow of a fluid through circular pipes, an as-

sumption that is not grossly violated in biological fluid

transport systems. If the velocity profile is fully developed

("Poiseuille flow," a stable parabolic velocity profile; see
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Vogel, 1981), and the fluid is Newtonian (i.e., the viscosity

of the fluid is independent of the characteristics of the

flow), then the Hagen-Poiseuille equation (Vogel, 1981)

states that, for a given volumetric flow rate, the resistance

to flow is inversely proportional to the radius of the vessel

to the fourth power. This relationship would imply that

the cost of moving the fluid can be minimized by maxi-

mizing the radius of the vessels. However, Murray's der-

ivation also assumes that there is some cost proportional

to the volume of the system; this cost might be the cost

to build and maintain the vessel walls (Sherman, 1981),

the formed elements in the blood (Murray, 1926), or any
other volume-related cost (LaBarbera and Boyajian,

199 1 ). Minimizing these volume-related costs by decreas-

ing vessel radius necessarily increases the costs associated

with moving the fluid. The total cost can be minimized

only if the volumetric flow rate through a vessel in the

system is maintained proportional to the cube of the vessel

radius (Murray, 1926), a relationship known as Murray's
law. This form of Murray's law is supported by a number
of empirical studies on the relationship between volu-

metric flow rate and vessel radius in the vascular systems
of birds and mammals [see LaBarbera (1994) fora review].

Murray's functional relationship makes a clear mor-

phological prediction. At a branch point in a fluid trans-

port system, where a single parent vessel gives rise to two

or more daughter vessels, the volumetric flow rate in the

parent vessel must be equal to the sum of the volumetric

flows in the daughter vessels (the "principle of continuity";

Vogel, 1981). In the equation

where r is the radius of the parent vessel and r, r n

are the radii of the daughter vessels, Murray's law thus

predicts that x, the junction exponent, will have a value

of 3. (Note that other values for the junction exponent
are possible. A system in which flow velocity was main-

tained constant in all vessels would have a junction ex-

ponent of 2; a system in which resistance to flow was
maintained constant would have a junction exponent of

4.) A radius-cubed relationship of daughter to parent ves-

sels is supported by empirical evidence for multiple species

of mammals (Sherman, 1 98 1 ; LaBarbera, 1990, 1994)and

sponges, including Devonian stromatoporoids (La-

Barbera, 1990, 1993; LaBarbera and Boyajiian, 1991). an

extinct group of sponges. Given the extreme phylogenetic
distance between sponges and mammals, the agreement
with Murray's law observed in these animals is probably
not due to chance occurrence or a single evolution of this

system (LaBarbera, 1990).

While previous work provides data on two functionally

highly divergent systems (the trophic fluid transport sys-

tem of sponges and the closed circulatory system of ver-

tebrates), to date there are no available data on the ap-

plicability of Murray's law to open circulatory systems.

The present study on the vasculature of the decapod crus-

tacean, Callinectex xapiclus, represents the first quantita-

tive analysis of vessel branching in an open circulatory

system.

Materials and Methods

Maryland blue crabs, Callincctes sapidus Rathbun (98-

185 g wet weight), were purchased from a local tish market

on the same day they were received. Because the crabs

were shipped on ice, they were placed in plastic containers

containing aerated 4-5C artificial seawater (salinity 32-

34%o) and allowed to warm gradually (2 h minimum) to

room temperature to minimize temperature shock. After

thermal acclimation, the crabs were transferred to 300-1

aquaria at room temperature. Because of their aggressive

nature, the blue crabs were generally isolated in plastic

mesh cages submerged in the aquaria; when isolation was

not possible, their chelipeds were bound.

The mortality rate during acclimation was 20-40%, and

it reached 50% after two days; animals still alive after two

days generally survived until used (1-14 days). The heart

and major blood vessels were located, during dissection,

with the help of McMahon and Burnett's ( 1 990) descrip-

tion of the brachyuran circulatory system.

Surviving animals were anesthetized by injection of

0.2 ml of 3-5% procaine in distilled water into the coxal

joint of a rear periopod or swimming leg; procaine is re-

ported to minimally influence cardiac parameters in crabs

(Oswald, 1977). After being injected, the animal exhibited

a short period (20-30 s) of excitation followed by retrac-

tion of its appendages and subsequent insensitivity to

stimuli. We manually drilled a hole through the dorsal

carapace, about one-third of the distance from its posterior

edge, to access the heart. A 20-gauge hypodermic needle

attached by 20 cm of PE-90 catheter tubing to a Gould

P32 pressure transducer was inserted into the heart; car-

diac pressures were recorded on a Gould 2200 strip chart

recorder. Normal heartbeat patterns and systolic pressures

were successfully recorded from three anesthetized blue

crabs; a typical pressure recording is shown in Figure 1 .

Measured systolic pressures were 1 1-14 cm H: O (mean

15-
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Figure 1. A typical pressure recording from the heart of a blue crab.

The vertical scale is pressure (in cm H2O; 1 cm H,O = 0.098 kPa); the

horizontal scale is time (in seconds).
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= 13.1 0.3 cm H: O). and these pressures (=1.08-1.37

kPa) were maintained throughout circulatory system per-

fusion and vascular filling. Measured systolic pressures

were virtually identical to those reported for other crabs

of comparable size (Cancer productus 14.1 cm H2 O, C.

nnicnux 14.0cm H: O: McMahon and Burnett. 1990).

During cardiac pressure measurements and throughout

the vascular casting procedure, the crab was submerged
in seawater.

After pressure measurements were completed, the 20-

gauge needle was removed and replaced with an 1 8-gauge

needle connected, via PE-160 tubing, to a 50-ml syringe

body (the perfusion reservoir). Hemolymph was rinsed

from the vascular system using cold (4-5C) artificial sea-

water to inhibit clotting (J. L. Wilkins, Univ. of Calgary,

pers. comm.); the air-water interface in the perfusion res-

ervoir was maintained 10-14 cm above the level of the

water covering the crab to ensure a proper pressure gra-

dient. One of the posterior periopods was excised at the

coxal joint to allow the hemolymph to drain. In some

cases, uranine dye was added to the rinse solution to help

identity when the rinse emerged from the animal. Rinsing

times and volumes ranged from 16 to 36 min and 32 to

53 ml, respectively. Whenexsanguination appeared to be

complete, the vascular system was perfused for 20-30 min

with cold (4-5C) 10% buffered formalin in seawater; the

fluid level in the perfusion reservoir was maintained to

ensure fixation at physiological pressures.

During exsanguination. the crabs occasionally displayed

spontaneous, random movement of their appendages. We
attempted to maintain complete anesthesia in some spec-

imens by adding 2-3 ml of procaine solution to the rinse

solution; spontaneous appendage movement was reduced,

but the vascular casts from these specimens were less

complete or without well-defined vessels. The results re-

ported here, therefore, were obtained exclusively from

specimens without supplementary anesthesia.

Bateson's #17 (Polysciences. Inc.), diluted with meth-

ylmethacrylate to reduce the viscosity of the casting me-

dium (Levesque ct a/.. 1979; Lametschwandtner ct a!..

1990), was used to fill the vascular system for corrosion

casting. Components were mixed according to the manu-
facturer's protocol in the following proportions: 50 parts

Bateson's monomer, 10 parts catalyst B, 1 part promoter
C, 50 parts methylmethacrylate (Levesque ct it/.. 1979).

Immediately after being mixed, casting compound was

poured into a 10-ml syringe attached to an 1 8-gauge needle

via a short segment of catheter tubing; the tubing and

needle were bled of air before being inserted into the heart.

Because the density of the casting compound (1.079g/

ml) was about that of water, the meniscus of the uncured

Bateson's was maintained 10-14 cm above the water cov-

ering the crab, ensuring normal systolic pressures in the

heart. The casting compound continued to flow into the

crabs' hearts for 25-32 min before polymerization stopped

the flow; the volumes infused ranged from 5.2 to 9.4 ml.

Shrinkage of the modified Bateson's upon polymeriza-

tion was measured by filling microcapillary tubes (1.4,

1.0, 0.6, and 0.4mm internal diameter) with casting

compound. After polymerization, the tube was broken

and diameters for both the unbroken sections of the tube

and casts were measured. The mean diameter shrinkage

was 3.8% 0.5% (mean SE); there was no significant

difference in shrinkage between tubes of different sizes

(ANOVA: Fj, 32
= 0.263, P = 0.85).

The specimen was left in seawater overnight to allow

the cast to fully polymerize. The exoskeleton was decal-

cified by immersing the specimen for 24 h in 20-25%
acetic acid:H 2O solution; after sections of the decalcified

cuticle were cut away and the body thoroughly rinsed of

acid, the specimen was transferred to 30% KOHfor soft

tissue digestion (Lametschwandtner ct al., 1990). Mac-

eration continued for up to three days; specimens were

rinsed and the KOHsolution was changed daily. After

treatment in KOH, the remaining chitinous matrix was

dissected away and the cast washed; casts were stored in

distilled water.

The vascular casts were photographed on Kodak Tech-

nical Pan film using a Nikon FM 35-mm camera and

MicroNikkor 55-mm macro lens. The cast was fixed to a

universal stage and the stage adjusted to ensure that the

parent and daughter vessels of the junction being pho-

tographed were coplanar and oriented perpendicular to

the optic axis of the lens. A stage micrometer was pho-

tographed for scale. The negatives were projected at a

total magnification of 330X and traced: linear dimensions

were measured with a SummaSketch II digitizing pad
connected to an Apple Macintosh Ilci. Because vessel di-

ameter varies slightly along the length of the vessels, sev-

eral diameters were measured along the length of each

vessel segment; mean values were used to calculate junc-

tion exponents and predicted parent vessel diameters.

Where possible, the total vessel segment length between

junctions was also measured.

In many instances a junction had vessels projecting or

curving into more than one plane; these junctions were

excluded from the sample. A number of vessels in the

casts appeared flattened, which we interpreted as indicat-

ing incomplete filling by the casting compound; these ves-

sels were also excluded from the analysis.

Best fit values for junction exponents were determined

to four decimal places with an iterative search program.

Where the diameter of one of the daughter vessels was

equal to or larger than that of the parent vessel, the junc-

tion exponent was considered undefined. Statistical tests

of junction exponents, by definition, exclude considera-

tion of junctions where the junction exponent is unde-

fined. To test the full data set for consistency with Mur-



BLUE CRAB VASCULARSYSTEMGEOMETRY 127

B

Figure 2. Corrosion casts of the blue crab vasculature. (A) The anterior dorsal region of the thorax and

a cheliped before dissection of the cast from the exoskeleton. (B) A vasculature cast removed from the

exoskeleton. The heart is the large mass at the bottom center of the photograph; the sternal artery, the major

vessel in the midlinc of the cast, supplies the mandibular region and periopods in blue crabs (see Fig. 3).

The arteries serving the tips of one of the chelae can be seen in the upper left.

ray's law, we also compared measured values for parent

vessel diameters with parent vessel diameters predicted

from the measured daughter vessel diameters, assuming
a junction exponent of 3 (LaBarbera and Boyajian. 1991;

LaBarbera, 1994). This test allowed inclusion of branch

points where the junction exponent was undefined.

All numerical calculations and most statistical tests were

performed with StatView II (ver. 1.04; Abacus Concepts.

Berkeley, California). One sample and paired sign tests

were run on StatView 4 (ver. 4.01; Abacus Concepts);

confidence intervals for medians of untransformed junc-

tion exponent distributions were determined by bootstrap

resampling with replacement (1000 runs) of the distri-

butions using the program Resampling Stats (ver. 1.00;

Resampling Stats, Arlington, Virginia). All analyses were

run on a Macintosh Ilci.

Results

Examples of blue crab vascular casts are given in Figure

2; a schematic diagram of a typical vascular tree is given

in Figure 3. Vessel diameters were measured from 106

junctions, pooled from vascular casts of three crabs; 98

of these junctions exhibited dichotomous branching, and

8 possessed three daughter vessels. Vessel diameters ranged

from 52 to 785 /urn, with parent vessel diameters spanning

nearly this full range (71-785 ^m; Fig. 4). Segment lengths

(the distance between branch points) could be accurately

determined on only 159 segments (Fig. 5). Segment

length/diameter ratios were extremely variable, ranging

from 0.50 to 17.8; the mean value was 3.98 0.62 (me-

dian =
3.21).

The frequency distribution of junction exponents was

sharply peaked and right skewed (Fig. 6). The mode of

this distribution appeared to be between 2 and 3, although

both the mean and median gave higher values (Table I).

Because the distribution was obviously skewed and sig-

nificantly different from a normal distribution (Lillifors

test; Table II), we used an arctan transformation (La-

Barbera, 1994; Suwa et a/., 1963) to normalize the data

(Fig. 7). The arctan-transformed frequency distribution

was not significantly different from a normal distribution

(Table II). Neither the median of the untransformed dis-

679

386

[368
I

503

|242 271 |335 |443

540

435 351 412 320

Figure 3. Branching topology and diameters (in ^m) of the vessels

supplying the mandibular region from a segment of the sternal artery

(the parent vessel in this network) in blue crabs. Branches that lack di-

ameter values could not be reliably measured. Note that dichotomous

branching is most common, but junctions with more than two daughter

vessels do occur.
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Figure 4. Frequency distribution of the parent vessel diameters (in

^m) of the 106 junctions measured from vascular casts of three blue

crabs.

tribution nor the (backtransformed) mean of the trans-

formed distribution was significantly different from a value

of 3 (Table I); based on confidence intervals, the mean of

the untransformed distribution was significantly different

from 3.

The pooled exponents were divided into quasi-arbitrary

groups on the basis of anatomical location and diameter

of the parent vessel (Table I); the particular groupings in

Table I were chosen to maintain sample sizes approxi-

mately constant. Three groups were established on the

basis of anatomical location of the junction vessels of

the anterior-ventral region, the vessels supplying the ven-

tral regions of the thorax and the periopods, and the dorso-

lateral arteries (which supply the digestive gland and the

peripheral thoracic arteries). All three of the groups

showed frequency distributions of junction exponents that

were significantly non-normal; the arctan-transformed

junction exponent distributions were not significantly dif-

ferent from normal distributions (Table II). ANOVAof

the transformed distributions (F :83
= 0.312; P = 0.73)

and Kruskal-Wallis rank tests of the untransformed dis-

tributions (P = 0.64) showed no significant differences

between anatomical groups. Neither the medians of the

untransformed distributions nor the backtransformed

means of the transformed distributions were significantly

different from a value of 3 (Table I); based on confidence

intervals, one of the three means of the untransformed

distributions was significantly different from 3.

Grouping the junction exponents on the basis of di-

ameter of the parent vessel produced a similar pattern.

Two of the four groups showed frequency distributions

of junction exponents that were significantly non-normal,

as was one of the size groups of arctan-transformed junc-

tion exponents (Table II); thus, ANOVAcould not be

used to test for differences between groups. However,

Kruskal-Wallis rank tests of the untransformed (P = 0.20)

and transformed distributions (P = 0.27) showed no sig-

nificant differences between size groups. Neither the me-

dians of the untransformed distributions nor the back-

transformed means of the transformed distributions were

significantly different from a value of 3 (Table I); among
the means of the untransformed distributions, only the

mean for the largest size group (431-785 nm) was signif-

icantly different from 3.

To include all measured junctions in the analysis (not

just junctions where the exponent was defined), we used

the measured diameters of the daughter vessels at each

junction to predict a diameter for the parent vessel (Table

III; a junction exponent of 3 was assumed in these cal-

culations). Again, the data were grouped by anatomical

location of the junction and parent vessel diameter. In

every case, the mean ratio of the predicted diameter to

the observed diameter was greater than 1 . implying a ten-

dency for the parent vessel to be slightly smaller than

would be predicted by a junction exponent of 3 (or,

equivalently, for the daughter vessels to be slightly larger

20.

1 5.

c

8 10

1 pnn n
1 15 2 2.5

Segment length (mm)

3.5

Figure 5. Frequency distribution of lengths of 1 59 vessel segments

in the blue crab arterial system.
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Figure 6. Frequency distribution of the junction exponents calculated

from measured parent and daughter vessel diameters at 86 branch points

in the arterial systems of three blue crabs. Note that the distribution is

strongly right-skewed and non-normal (see Table II) but exhibits a mode

at an exponent between 2 and 3.

than would be predicted by a radius-cubed relationship

with the parent vessel). Although all ratios were consis-

tently greater than 1 , nonparametric two sample sign tests

revealed significant differences between observed and

predicted diameters only for three groupings: the full data

set, the dorso-lateral vessels, and the largest parent vessels

(Table III).

Discussion

Tests of Murray's law

The objective of this study was to provide a quantitative

description of vessel branching in an open circulatory sys-

tem and test the results against the idealized geometry of

an "optimally designed" fluid transport system as pre-

dicted by Murray's law. Given the highly skewed fre-

quency distribution of junction exponents (a feature also

seen in the fluid transport systems of sponges and mam-
mals; see LaBarbera. 1994), a simple mean is clearly a

poor measure of central tendency of the junction exponent

distribution. The large discrepancy between the mean and

median of the distribution is a clear indicator of its non-

normality, a conclusion confirmed by statistical analysis

(Table II). Wehave provided two alternative measures,

the median and the mean of arctan-transformed junction

exponents, both of which are more robust indicators of

central tendency than a simple mean. Both measures

clearly indicate that the junction exponents of vessels in

the arterial system of blue crabs are not significantly dif-

ferent from the value of 3 predicted by Murray's law. This

conclusion is robust to divisions of the data by either an-

atomical location or vessel size (Table I). Although both

mammals and fossil stromatoporoid sponges have been

previously shown to exhibit a fluid transport system in

quantitative agreement with Murray's law (data sum-

marized in LaBarbera, 1994), this is the first demonstra-

tion that an animal with an open circulatory system ex-

hibits such a vascular architecture.

Most previous quantitative tests of the anatomical pre-

dictions of Murray's law (e.g.. Suwat'M/., 1963; Hutchins

cl ai, 1 976; Arts et al.. \ 979; Wieringa et a/.. 1 988; Griffith

and Edwards, 1990) have focused on branch points where

junction exponents were (by our definition) defined. The

discordance between Table I, where no statistically sig-

nificant differences were found between the blue crab vas-

culature and Murray's law, and Table III, where significant

differences were apparent, can clearly be attributed to the

inclusion of junctions where the junction exponent was

undefined, effectively changing the data set being tested.

Although inclusion of all junctions yields statistically sig-

nificant differences between the idealized and real system,

the actual error is small; Murray's law predicts parent

vessel diameters averaging only 5% larger than the mea-

sured vessels.

Proximate mechanisms for generating Murray's

law systems

Our conclusion that the blue crab circulatory system

approaches Murray's model is significant, not only be-

cause it is the first test of Murray's law in an open cir-

culatory system, but also because of the evolutionary po-

sition of arthropods in relation to the groups previously

examined in this context sponges (including 375-million-

year-old stromatoporoids) and vertebrates (LaBarbera,

1990, 1994; LaBarbera and Boyajian, 1991). The Arthro-

poda are a distinct evolutionary lineage, separate from

both sponges and vertebrates, which are in turn distinct

from one another (Turbeville et al.. 1991, 1992; Ballard

et al.. 1992; Wainwright et ai. 1993). all three groups

diverged before the development of their fluid transport

systems (LaBarbera. 1994). Thus, approximations of

Murray's law systems must have evolved independently

at least three times and were in place at least 375 million

years ago (LaBarbera and Boyajian, 1 99 1 ). The convergent

evolution of Murray's law fluid transport systems is prob-

ably driven by the substantial costs incurred in moving
the large relative volumes these systems transport (see

LaBarbera, 1994). Because even small changes in effi-
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Table I

measures of central tendency in the distributions <>/ itinelion i-.v/xv/iW.v in the hlue crah arterial system

Untransformed
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Figure 7. Frequency distribution of the arctan transformed junction

exponents for 86 branch points in the arterial system of the blue crab.

Note that the transformed distribution is approximately symmetrical

and normal (see Table II).

blood vessels have shown that vessel diameter is altered

so as to restore the shear stress to pre-experi mental levels

(reviewed in LaBarbera, 1993, 1994). Two distinct en-

dothelium-mediated mechanisms (LaBarbera, 1993) ap-

parently exist in mammals: ( 1 ) In response to acute

changes in flow rate (= shear stress), smooth muscle tonus

and thus vessel caliber is controlled by the release of pros-

taglandins, nitric oxide, and endothelium-derived relaxing

factor (EDRF) (e.g.. Roller and Kaley, 1990a,b; 1991),

maintaining the vasculature in a Murray's law configu-

ration (Griffith and Edwards, 1990). (2) In response to

chronic perturbations of flow, proliferation of both cellular

and extracellular components or the breakdown of already-

existing elements remodel vessels, thus changing vessel

caliber (</.#., Kamiya and Togawa, 1980; Langille and

O'Donnell, 1986; Zarins el ai, 1987).

Other mechanisms have been proposed to underlie en-

dothelial responses to changes in flow rate, including

changes in local ATP concentrations via flow-induced

changes in diffusion boundary thickness (Mo el ai. 1991;

Nollert and Mclntre, 1992), or shear-stress-induced

changes in configuration of extracellular membrane-

bound proteins (Bevan and Siegal, 1991). Like the me-

chanosensor hypothesis, both of these hypotheses posit a

response of endothelial cells to a signal dependent on the

local velocity gradient; all three could result in similar

responses of the system to changes in flow rate. Streaming

potentials, voltages generated by the interaction of fixed

surface charges with the ions carried in the fluid, are also

correlated with local velocity gradients (Eriksson. 1974)

and have been suggested to underlie responses of some

cells to flow (Reich el ai. 1990; Berthiaume and Frangos,

1993).

In crustacean circulatory systems, the cells lining the

vessels are separated from the vascular fluid by a continu-

ous extracellular intima(Maynard, 1960; Johnson. 1980;

Ruppert and Carle, 1983; Factor and Naar, 1990:

McMahon and Burnett, 1990). Given the lack of direct

contact between living cells and the fluid in the blue crab

vasculature, a feedback mechanism that relies on me-

chanical sensing of shear stress seems unlikely. However,

either changes in the local gradient of a molecule (i.e..

changes in diffusion boundary layer thickness) or changes

in the streaming potential could be detected through the

extracellular matrix lining crustacean blood vessels; both,

like hydrodynamic shear stress, are dependent on the ve-

locity gradient at the wall of the vessel and thus are at-

tractive candidates for local signals that might control

vessel remodeling in blue crabs.

The derivation of Murray's law assumes that a fully

developed velocity profile is present everywhere in the

system of vessels. But the parabolic velocity profile is dis-

turbed at each branch point (LaBarbera, 1990). and the

fluid must typically travel 10-80 vessel diameters down-

stream before complete re-establishment of Poiseuille flow

(Vogel. 1981; LaBarbera, 1994). In biological systems,

there are rarely 10 vessel diameters between branch points

Table III

Comparison of measured parent vessel diameters to parent vessel

diameters predicted Innu measured daughter vessel diameters

assuming a function e.\pnnent <>/ 3

Vessel diameter
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(ZamirandPhipps, 1988; LaBarbera, 1994); hence, astatic

parabolic velocity profile is seldom fully re-established

before the next branch point. If vessel diameter is deter-

mined by the magnitude of the local velocity gradient,

downstream vessel diameters will be larger than predicted

by Murray's law. In the case of the blue crab, downstream

vessels are invariably daughter vessels, because the he-

molymph returns to the heart through sinuses rather than

veins. Given the small value of length/diameter ratio in

the vessels we measured (mean 3.98), our hypothesis of

the exploitation by blue crabs of the magnitude of the

velocity gradient at the wall (or some variable dependent

on the velocity gradient) as a signal to control vessel re-

modeling is consistent with the discrepancy we observed

between measured parent vessel diameters and diameters

predicted assuming a junction exponent of 3 (Table III).

There is no muscular tissue associated with the arterial

vessels in crustaceans, with the exception of the valves at

the major vascular junctions (Johnson, 1980; McMahon
and Burnett, 1990; McMahon, 1992). The lack of smooth

muscle in the vessel walls of crustaceans precludes an acute

response similar to that observed in vertebrates. The highly

elastic nature of crustacean arteries (Shadwick et al. 1990)

might play a role in acute control of vessel diameter to

maintain a branching geometry that approximates a

Murray's law system, but no experimental data are avail-

able.

The influence oj fluid rheology on fluid transport

system design

The branching geometry of vessels in the blue crab cir-

culatory system is better predicted by Murray's law than

is the branching geometry of mammalian vessels, where

mean junction exponents vary from 1.72 to 3.09 (La-

Barbera, 1994). This observation is not surprising given

the rheology of the blood in these two groups. The respi-

ratory pigment in crustaceans, hemocyanin, is transported

in solution through the vascular system (Taylor, 1982),

and the hemolymph contains fewer cellular components
than mammalian blood. Unlike mammalian blood, where

the high concentrations of erythrocytes cause the blood

as a whole to act as a shear-sensitive, non-Newtonian fluid

(Kiani and Hudetz. 1991), the maintenance of the respi-

ratory pigment in simple solution in crustaceans should

produce a fluid with strictly Newtonian behavior (Wells

and Dales, 1976). The lassie formulation of Murray's
law implicitly assumes constant viscosity of the fluid

(LaBarbera, 1993), an assumption violated in the smaller

blood vessels of mammals. Hie junction exponents (mean

exponents 2.47-2.93) for stromutoporoids are also closer

to 3 than are those for mammals (LaBarbera, 1994); the

fluid carried in the trophic fluid transport system of stro-

matoporoids was seawater, another strictly Newtonian

fluid.

Although there have been a number of studies exam-

ining Murray's law and the maintenance of the diameter

relationships between vessel branches in mammalian cir-

culatory systems, there are virtually none for any other

group of animals. More extensive work on the architecture

of the fluid transport systems of animals other than mam-
mals may yield important information on the generality

of a Murray's law architecture and the variety of mech-

anisms involved in the production and maintenance of

branching geometries that approach Murray's cost-opti-

mized model.
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